Production of the ketoreductase gene. Ketoreductase (KRED) encoding gene from Lactobacillus kefir was designed for expression in E. coli based on the reported amino acid sequence of the ketoreductase (Genbank accession no. AAP94029 GI:33112056) and a codon optimization algorithm. Genes were synthesized using oligonucleotides composed of 42 nucleotides and cloned into expression vector pCK110900 under the control of a lac promoter.(1) The expression vector also contained the P15a origin of replication and the chloramphenicol resistance gene. Resulting plasmids were transformed into E. coli BL21(DE3) using standard methods. Production of KRED variants. The mutants were obtained via a combination of evolution technologies, including random mutagenesis, gene shuffling, semisynthetic shuffling, HTP screening and ProSAR analysis.(2) Purification of KRED polypeptides for kinetic assays and crystallization. The wild-type KRED as well as variants were cloned into the pHis8 vector with an N-terminal His 6 tag.(3) The resulting plasmids were transferred into E. coli BL21(DE3) for protein expression. All of the KRED proteins were purified to homogeneity by Ni-NTA agarose affinity chromatography and were eluted with increasing gradients of imidazole in buffer A (50 mM Tris-HCl, 500 mM NaCl, pH 7.9). Protein concentrations were qualitatively assessed by SDS-PAGE and quantitatively determined by the Bradford protein assay using bovine serum albumin as the standard. (Fig. S1) . The final concentration of sample was in the 8-10mg/mL range. GC method for determining conversion of ketones to the respective R-or S-alcohols. Conversion and optical purity was determined via Rt ® -βDEXcst Column on an Agilent 7980 GC:
stirring at room temperature overnight, the reaction mixture was extracted with ethyl acetate and the enantioselectivity was assayed by GC method as described above. Crystallization of wild-type KRED and the mutants. Crystals of WT KRED were grown at room temperature by a hanging-drop vapor diffusion method using a 2:1 protein/reservoir solution ratio for a total drop size of 3 µl. Diffraction quality crystals were obtained in ~1-2 days when using 0.2 M Magnesium formate, 15% (w/v) PEG 3350 as a reservoir solution. In preparation for data collection, crystals were briefly soaked in a 30%/70% mixture of glycerol/reservoir solution and flash frozen. Crystals of NADP + bound wild-type KRED were grown at room temperature by the hanging drop vapor diffusion method using a 2:1 protein/reservoir solution ratio for a total drop size of 3 µl. Diffraction quality crystals were obtained in ~1-2 days when using 64mM ammonium acetate, 0.1M Bis Tris pH 5.5, 10% PEG 10000 as a reservoir solution. Crystals of the mutant, A94F, were grown at 4°C by a hanging-drop vapor diffusion method using a 2:1 protein/reservoir solution ratio for a total drop size of 3 µl. Diffraction quality crystals were obtained in ~10-14 days when using 0.6 M Magnesium chloride, 0.1 M Bis Tris pH 5.5, 20% (w/v) PEG 3350 as a reservoir solution. Crystals of the mutant, E145S, were grown at 4°C by a hanging-drop vapor diffusion method using a 2:1 protein/reservoir solution ratio for a total drop size of 3 µl. Diffraction quality crystals were obtained in ~6-7 days when using 0.2 M Magnesium chloride, 0.1 M Bis Tris pH 5.5, 13% (w/v) PEG 3350. Data collection and structure determination. The wild-type KRED crystal belonged to space group C2 with two protein molecules in the asymmetric unit. X-ray diffraction data were collected at the Advanced Photon Source (Argonne National Laboratory), beamline NECAT 24ID-C, using a DECTRIS PILATUS-6M pixel detector. Crystals were cryo-protected by a quick dip in a solution consisting of 7 µl reservoir and 3 µl glycerol. Crystals were cooled to 100 K during the data collection. 180 1.0° oscillation frames were collected at a wavelength of 0.9793 Å. Data reduction and scaling were performed using XDS.(4) Diffraction to 2.2 Å resolution was observed. The NADP + bound wild-type KRED crystal belonged to space group P42 1 2 with four protein molecules in the asymmetric unit. X-ray diffraction data were collected at the University of California Los Angeles (UCLA), using a RIGAKU FRE+ rotating anode and a RIGAKU HTC image plate detector. Crystals were cryo-protected by a quick dip in a solution consisting of 6.5 µl reservoir and 3.5 µl glycerol. Crystals were cooled to 100 K during the data collection. 180 1.0° oscillation frames were collected at a wavelength of 1.5418 Å. Data reduction and scaling were performed using XDS. Diffraction to 2.1-Å resolution was observed. The KRED mutant, A94F, crystal belonged to space group P2 1 2 1 2 with two protein molecules in the asymmetric unit. X-ray diffraction data were collected at the same beamline as the wild-type. Crystals were cryo-protected by a quick dip in a solution consisting of 6.5 µl reservoir and 3.5 µl glycerol. Crystals were cooled to 100 K during the data collection. 180 1.0° oscillation frames were collected at a wavelength of 0.9789 Å. Data reduction and scaling were performed using XDS. Diffraction to 1.6-Å resolution was observed. The KRED mutant, E145S, crystal belonged to space group P2 1 2 1 2 with two protein molecules in the asymmetric unit. X-ray diffraction data were collected at the same beamline as the WT. Crystals were cryo-protected by a quick dip in a solution consisting of 6.5 µl reservoir and 3.5 µl glycerol. Crystals were cooled to 100 K during the data collection. 180 1.0° oscillation frames were collected at a wavelength of 0.9792 Å. Data reduction and scaling were performed using XDS. Diffraction to 1.7 Å resolution was observed.
The crystal structures were determined by the molecular replacement method using the program PHASER(5) and using the KRED from Lactobacillus brevis as the search model (PDB entry 1NXQ).(6) The models were refined using PHENIX(7) and Buster/TNT.(8) After each refinement step, the models were visually inspected in COOT,(9) using both 2Fo-Fc and Fo-Fc difference maps. The models were validated with the following structure validation tools: PROCHECK,(10) ERRAT(11) and VERIFY3D. (12) For the wild-type KRED structure, 97.58% of the residues were within the most favored region of the Ramachandran plot and the rest 2.42% were in additional allowed regions. There were no residues in disallowed regions. For the NADP + bound wild-type KRED structure, 97.19% of the residues were within the most favored region of the Ramachandran plot, and 2.81% were in additional allowed regions. There were no residues in disallowed regions. For the mutant A94F structure, 97.81% of the residues were within the most favored region of the Ramachandran plot and the rest 2.19% were in additional allowed regions, no residues were found in disallowed regions. For the mutant E145S structure, 97.59% of the residues were within the most favored region of the Ramachandran plot and the rest 2.41% were in additional allowed regions. There were no residues in disallowed regions. Data collection and refinement statistics are reported in Table S5 . Quantum mechanical calculations. All calculations were performed with Gaussian 09. (13) The geometries were optimized with the TPSS functional(14) and 6-31G(d) basis set with the Conductor-like Polarizable Continuum Model (CPCM)(15) for water. Frequency analyses were carried out at the same level to evaluate the zero-point vibrational energy and thermal corrections at 298 K. The nature of the stationary points was determined in each case according to the appropriate number of negative eigenvalues of the Hessian matrix. Where necessary, mass-weighted intrinsic reaction coordinate (IRC) calculations were carried out by using the Gonzalez and Schlegel scheme in order to ensure that the TSs indeed connected the appropriate reactants and products. (16, 17) Single-point energy calculations were performed on these geometries using the M06-2X method(18) and 6-311+G(d,p) basis set, and with CPCM water. MD simulations. Crystallographic structures of the proteins were used as starting geometries. Parameters for the cofactor and substrates were generated with the antechamber module of Amber12(19) using the general Amber force field (GAFF), with partial charges set to fit the electrostatic potential generated with HF/6-31G(d) by RESP. (20) The charges are calculated according to the Merz-Singh-Kollman scheme using Gaussian 09. Each protein complex was immersed in a truncated octahedral box with a 10 Å buffer of TIP3P (21) water molecules. The systems were neutralized by adding explicit counter ions (Na + Cl -). All subsequent simulations were performed using the Stony Brook modification of the Amber 99 force field. (22) A two-stage geometry optimization approach was performed. The first stage minimizes only the positions of solvent molecules and ions, and the second stage is an unrestrained minimization of all the atoms in the simulation cell. The systems were then gently heated by incrementing the temperature from 0 to 300 K at constant volume and using periodic boundary conditions. Harmonic restraints of 10 kcal/mol were applied to the solute, and the Andersen temperature coupling scheme(23) was used to control and equalize the temperature. The time step was kept at 1 fs during the heating stages, allowing potential inhomogeneities to self-adjust. Water molecules are treated with the SHAKE algorithm such that the angle between the hydrogen atoms is kept fixed. Long-range electrostatic effects are modeled using the particle-mesh-Ewald method.(24) A 10 Å cutoff was applied to Lennard-Jones and electrostatic interactions. Each system was equilibrated for 2 ns with a 2 fs timestep under a constant pressure of 1 atm and temperature of 300 K. Production trajectories were then run for additional 100-160 ns under the same simulation conditions. Table S1 . Experimentally measured enantiomeric ratio of the reduction products for select variants, and corresponding ΔΔG ‡ S-R (kcal mol -1 ). Half of the variants include the F147L mutation, which does not greatly affect the selectivity, but rather adds stability to the protein. The lowest detected peak area is 10.0, so when the peak was reported to be 0, which would lead to an er S/R of 0 or infinity, 0 was set to 9, because it is incrementally lower than the detection limit. The surfaces represent electron density isovalues of 0.02, and the scale is from -27.6 (red) to +27.6 (blue) kcal mol -1 . The R108H mutation is on the interface between two chains. This mutation retains the H-bond contact that arginine had in the WT with Asp116, which is also in α-helix E in a neighboring chain. The other mutation in α-helix E, G117S, introduces a H-bond to the backbone of Val113. In Sph Gln206 adopts a conformation like Met206 in the NADP-bound WT structure, and the conformation is different from that in the apo WT. In Sph and in the NADP-bound WT, the side chain sits at the top of the large binding pocket. In the apo WT, Met206 sits above Tyr190, outside of either binding pocket. Both of the WT structures have an H-bond between the backbones of Met206 and Thr212, which is not present in Sph. In Sph and in the NADP-bound WT, the backbone of residue 206 H-bonds to the side chain of Thr212. In addition, in Sph the side chain of Met206 H-bonds to Ala202. The I223V mutation is behind the cofactor and reduces the size of the amino acid. The G7S mutation is distal to the active site in a loop, and creates a new H-bond to the backbone carbonyl of Lys6. The A94T mutation adds a hydrophilic hydroxyl group into the large binding pocket. The S96P mutation does not change any H-bond patterns, but proline often increases stability. (25) The P194N mutation lengthens the distance from residue 194 to residue Asp198, and results in a less ordered helix turn in the substrate-binding loop. Asp198 is resolved in the WT, while the side chain is unresolved in Sph. shown in pink and purple, respectively, the catalytic residues (Ser143, Tyr156 and Lys160) in blue, Tyr190 and Asp150 in gray, and Leu195, Phe94, and Glu145 in light green. shown in pink and purple, respectively, the catalytic residues (Ser143, Tyr156 and Lys160) in blue, Tyr190 and Asp150 in gray, and Leu195, Ala94, and Ser145 in light green. shown in pink and purple, respectively, the catalytic residues (Ser143, Tyr156 and Lys160) in blue, Phe190 and Asp150 in gray, and Leu195, Ala94, and Glu145 in light green. 
Supplementary Tables and Figures
∆∆ !!! ‡ = ∆ ! ‡ − ∆ ! ‡ = − log
